Abstract-Positron Emission Tomography (PET) is an imaging method affected by artifacts caused by patient motion. PET-MR simultaneous acquisition may provide the means to correct for the effects of motion. This study investigates the creation of a deformable PVA cryogel phantom for motion correction purposes in PET-MR. This phantom has to contain the appropriate concentration of PVA and a sufficient amount of radioactive tracer along with gadolinium contrast agent. The effect of modifying the standard PVA cryogel process were assessed by measuring differences in the Young's modulus and also the diffusion of radiotracer inside the phantom. The alteration of the freeze-thaw cycle decreased the Young's modulus up to 50% by comparison with the standard MRI cryogel phantom. The diffusion speed on the other hand was found to be at 2 mm h inside a 10% p.w. cryogel. The results are demonstrated with a simultaneous PET-MR experiment. The new approach of cryogel preparation provides the opportunity to create a PET and MR visible phantom with structural complexity and customized shape, which is capable of reproducible deformations when reproducible pressure is applied. The methodology to build the phantom can be used in other simultaneous or sequential imaging modalities such as SPECT and ultrasound.
Use of a combined PET-MR scanner gives the opportunity to track the motion, without the additional radiation dose associated with CT. In the case of simultaneous acquisition, the motion information can in principle be exactly temporally correlated with the PET acquisition. The validation of motion tracking and correction could be performed with use of phantoms or animal studies. However, The irreproducibility of motion in animals favors the use of phantoms for systematic assessment and optimization of motion correction. Development and validation of PET-MR motion correction techniques requires the use of moving phantoms, visible to both PET and MR.
Recent phantom investigations indicate that it is possible to measure motion through sequential PET/CT [2] [3] [4] [5] or simultaneous PET-MR systems [6] , [7] . For example, Tsoumpas et al. used a locally rigid moving phantom visible in both PET and MR constructed from Perspex, and Guerin et al. used a rigid PET source inside a deformable medium [8] . Finally, a human torso phantom was presented by Fieseler et al. [9] . Literature indicates that the motion of a lesion inside the human body is not limited to spatial displacement. In particular, the deformation of tumors has been investigated by Kyriakou et al. , who showed evidence of deformation during respiratory motion inside the lungs [10] . This physical property of the tumors and the need for even higher accuracy in designing even more realistic phantoms prompted the design of a phantom capable of containing a radioactive source that can deform along with the medium when motion occurs.
There is great interest in using mass-preservation as a constraint in image registration algorithms, particularly when used in motion correction schemes. Most currently used non-rigid image registration algorithms do not have this feature, so even though most tissues (with the notable exception of the lung) are approximately non-compressible, this is usually not accounted for in the registration process resulting in physically unrealistic motion fields.
Standard PET and MR phantoms usually contain uniform radioactivity distributions, i.e., liquid filled volumes, that can undergo only very simple and unrealistic deformations. Such uniform liquid filled volumes also result in very unrealistic MRI images leading to untypical behavior of image registration algorithms and incorrect estimates of motion fields.
There is therefore a need for phantoms that can simulate realistic mass-preserving non-rigid deformations and that are both PET and MR visible. Whilst the simple configuration described here is not an accurate representation of any particular organ, the technique allows the production of (independent) PET and MR visible distributions that undergo complex non-rigid defor-0018-9499/$31.00 © 2013 IEEE mations. This will be of value in the assessment and further development of accurate corrections for non-rigid motion, which is an area that is still at a very early stage of development.
A. PVA Cryogel for Construction of Deformable PET-and MR-Visible Phantoms
MR phantoms are usually water based. One of the materials from which MR phantoms are constructed is the Poly-Vinyl alcohol (PVA) cryogel. A cryogel is a material that consists of water and a polymer, in this case, polyvinyl alcohol. Freezing and thawing is the method used to cross-link the hydroxyl groups on PVA molecules by hydrogen bonding [11] . The product of this procedure is an elastic material with a high concentration of water. Cryogel has been characterized as an 'ideal' MR phantom for elastography, where for a 10% by weight solution, T1 and T2 relaxation times are 718-1034 ms and 108-175 ms, respectively [12] .
PVA cryogel can be generated by a procedure described in the literature [12] . This procedure guaranties excellent stability and homogeneity of the material. The first step is to mix PVA powder with water. An autoclave is used to heat the PVA at 121 C for 30 min. The cooled solution is then poured into a mold and frozen at C for 12 hours. Then, the freezer is unplugged and the material is allowed to thaw naturally over 8 to 9 hours after which time it is stored in de-ionized water.
This procedure above results in a material with elastic properties which can be used for the creation of a phantom capable of volume deformation. This study aims to investigate different aspects of adapting cryogel for PET-MR purposes by creating a structured phantom that is both PET-and MR-visible introducing radioactivity and MR contrast into the cryogel. The impact of the various modifications made to the standard production procedure is investigated below.
II. MATERIALS AND METHODS

A. Preparation of Cryogel Phantom
1) Phantom Structure:
The elasticity of cryogel gives the opportunity to fabricate a phantom that can be repeatedly deformed by an applied force. The phantom also has structural complexity which makes its visualization more similar to the structure of human tissue. The design used for this study consists of an 'active' cylinder contained within a 'cold' cylinder where the internal cylinder contains PVA, radioactivity and gadolinium solution, as shown in Fig. 1 . The diameter of the phantom is similar to the diameter of a rat (4 cm in approximation).
2) Determination of Optimum PVA Concentration: A range of PVA concentrations are referred to in the literature, from 10% to 20% by weight [11] [12] [13] . We examined three different concentrations: 5%, 10% and 15% by weight of PVA in water. The most appropriate of these was used in the subsequent procedures described below. The success of the phantom will be evaluated using two criteria; the preservation of its shape, without additional load and the motor unit's efficiency to compress it without extreme stress.
3) Introduction of Contrast Agents Into the Phantom: The radioactive solution and contrast agents could be introduced in the phantom using different approaches. The first method investigated was the soaking of the phantom in a solution containing the radio-tracer or gadolinium until it is absorbed. An indication of diffusion was obtained from published literature. The diffusion of was measured in a 20% per weight PVA cryogel and it was found to be 0.14 mm h [14] . Therefore, the approach was rejected because the speed of diffusion is very slow. Another approach is to inject the phantom with liquid contrast agents' solution or a second PVA solution containing radioactivity and/or MR contrast agents. However, the solution leaks when the phantom is compressed. The only viable method to create a radioactive phantom within reasonable time period is to mix the PVA solution prior to the freeze-thaw process. During this method, due to the high viscosity of PVA, care must be taken to ensure the solution is uniformly mixed to create a homogeneous tracer distribution.
4) Modifications to Freeze-Thaw Production Process:
The standard cryogel production procedure has been described above. The total preparation time is about 20 to 21 hours. As the half-life of Fluoride-18 is approximately 2 hours, the standard preparation procedure is impractical. A potential solution to this problem is to dramatically decrease the time of the freeze-thaw process to 6 hours, provided it can be shown that this does not compromise the phantom stability and functionality. In this study the structure of the phantom is created by freezing a first layer of the PVA that is used as a base (or external compartment) for a second layer of PVA (the internal compartment). This enables a partition to be created within the phantom. The compartmentalization of the phantom, as shown in Fig. 1 , enables the phantom to be realized in two freezing stages and a single thaw time period. In the first stage, the PVA solution is introduced into a plastic mold and the external compartment is frozen for 12 hours at C. After that period, the PVA solution with the radioactive molecules is introduced and the whole phantom is frozen for 3 hours at C. Finally, the phantom is removed from the freezer and thawed within 3 hours. The thaw process is natural and not accelerated by an external factor.
B. Young's Modulus Measurements
An alteration to the procedure is likely to affect the elasticity of the cryogel which can be characterized in terms of its Young's Modulus. Duboeuf et al. proposed a simple mechanism, along with the methodology to measure Young's modulus of a PVA cryogel phantom [15] . The first sample was made according to the standard production procedure, hereafter named as method 1. The second sample represents the external compartment-freezing pattern, named as method 2, with 12 hours of freezing at C, 3 hours freezing at C and 3 hours of thaw. The third sample represents the internal compartment freezing pattern, named as method 3, where it freezes at C for 3 hours followed by 3 hours of thaw. A graphical representation of the freeze-thaw process is given in Fig. 2 . Two sample phantoms were created for each procedure. These samples have same dimensions and cylindrical shape. Stress over strain was measured and the Young's modulus was calculated with the (1). (1) , where is the force applied to the phantom, is the initial area where the force is applied, is the initial height of the phantom and is the variation of length. Equation (2) gives regularization of the area , in order to eliminate the "barrel" effect [15] .
(2)
C. Diffusion of the Radiotracer
The phantom developed in this study has no physical boundary between the two cylindrical volumes. This fact, combined with the large amount of water may lead to diffusion of radioactive and gadolinium molecules through the phantom. Hence the labelled areas of the phantom might change over time due to diffusion. For this investigation, phantoms have been created, following the methodology presented above. The radiotracer used was F-FDG, diluted inside a 10% per weight PVA cryogel phantom. The concentration of F-FDG inside the phantom was 2.5 MBq/ml at the beginning of the experiment. A dynamic PET scan was performed with the NanoPET/CT™ preclinical PET scanner (Bioscan Inc., manufactured by Mediso Ltd.), where 12 acquisitions of 10 min were obtained every 15 min period [16] . The alignment of acquisitions was ensured by not moving the phantom between each 10 min acquisition. The reconstruction used for these data was a Single Slice Re-Binning (SSRB) OSEM algorithm with 8 iterations and 6 subsets per iteration. This reconstruction algorithm does not perform any post filtering. The data were corrected for physical decay of F. Attenuation and scatter correction were not applied to the data. The progression of diffusion can be captured as the radiotracer diffuses into previously unoccupied areas.
D. Relaxation Values of PVA Cryogel
The MR properties of the phantom were determined. In this experiment, a 10% PVA cryogel phantom was used. The phantom was divided into two compartments, with the external compartment containing 10% PVA and 90% water. The internal compartment has an additional 50 l/ml gadolinium solution (Gadopentetic acid). The experiment was performed in a 3T MR Philips Achieva with use of 3 dimensional T1, T2 and T2* mapping sequences. The coil used for this experiment is the head and neck sense coil. T1 mapping was performed with the use of a sequence that employs 2 non-selective inversion pulses with inversion times ranging from 20 to 2000 ms, followed by 8 segmented readouts for 8 individual images. The 2 imaging trains resulted in a set of 16 images per slice with increasing inversion times. For T1 mapping, the acquisition parameters were as follows: 3D fast-field multi-echo sequence with mm, mm, mm, ms, . T1 values were computed on a pixel-by-pixel basis with the use of in-house Matlab software [17] , [18] . T2* mapping was performed using a 3D coronal fast-field multi-echo sequence. transverse images were acquired with ms, ms, ms, 6 echoes, mm, mm, mm, . T2 mapping was performed using a coronal turbo spin echo sequence with multiple echoes with, ms, ms, ms, 5 echoes, mm, mm, mm,
. Multiple regions of interest were classified according to compartment and relaxation values were obtained.
E. Motor Unit and Motion Reproducibility
In this experiment a motor unit is designed to compress the phantom in order to deform it in a controllable and reproducible manner. An inexpensive hydraulic system, as presented in Fig. 3 , comprises the main part of the motor unit so that it remains MR compatible. For that purpose, a stepper motor (Sanyo Denki Co., Ltd.) is used to produce a continuous rotation, which is then translated into a sinusoidal motion by a piston. The motion pattern could be sinusoidal or more complex as long as it is programmed by the user. Utilization of long water-filled tubes transfers the compression into a second piston located inside the MR bore, which then applies the force to the phantom. A computer interface board controls the stepper motor (PhidgetStepper bipolar 1-motor controller, Phidgets Inc.). This motor unit is capable of providing continuous sinusoidal motion or stop & shoot acquisition. During the experiments, the maximum compression achieved was about 17 mm. The threshold of the compression has not been reached but the biggest compression overloads the motor unit making the motion impossible.
The reproducibility of motion is estimated by measuring the error of positioning reproducibility. The experimental set-up included the motor unit, along with a 10% PVA homogeneous cryogel. The phantom was repositioned consecutively, from uncompressed to full compression for 12 times and scanned with a 3T MR Philips Achieva. A gradient echo sequence for dynamic acquisitions with 1.2 mm isotropic spatial resolution was acquired. The scan duration was 15.45 s (TR/TE 2.4 ms/0.85 ms, 20 flip angle). The images were classified according to the position (compressed-uncompressed). A large amount of 1D profiles were used to evaluate the deformation reproducibility. Fig. 4 represents the methodology to measure the error in motor unit and deformation of the phantom, for one profile at each case. The edge of the phantom was defined by calculating the position of the half maximum intensity (in mm). The error is derived by averaging the standard deviations of the edge positions and shown in (3) . (3) where is the edge of the phantom at each profile (in ) upon sequential images . Even if the deformation is identical, the errors introduced by the motor unit may affect the ho- mogeneity of the distribution. For that reason the measurements of error are divided in two parts. The first source of error is the motor unit . It is assessed by comparing multiple line profiles at the compression surface (upper part of the cylinder). The second source of error comes from the deformation of the phantom . This aspect is assessed by comparing multiple line profiles at the cylindrical surface.
F. Compressibility of PVA Cryogel
This part of the study evaluates the compressibility of the cryogel. For that purpose, a Computed Tomography (CT) experiment was performed. The goal was to measure the variation of volume between uncompressed and fully compressed phantom. For this experiment, a homogeneous 10% PVA cryogel phantom was created, following the internal compartment's preparation process. The scanner used was a General Electric Discovery STE PET/CT. By using the CT unit with 140 kV and 500 mAs we obtained images with mm voxel size for the PVA phantom in two states; uncompressed and with 1 cm compression approximately. The total volume was then measured by use of ITK-SNAP (version 2.2, itksnap.org), along with the mean and standard deviation. A variation of the volume will indicate if the density has changed by compression [19] .
G. Acquisition of Simultaneous PET and MR Data
A demonstration experiment has been performed for the PVA cryogel with a simultaneous PET-MR system. The acquisition was performed with the use of the HYPERimage scanner and the 3T MR Philips Achieva [20] . The HYPERimage scanner contains an integrated 2-channel T/R coil for the MR. The cylindrical field of view of this scanner is 33 mm axial and 160 mm transverse diameter. Data are acquired in list-mode. In this experimental setup a stop and shoot acquisition was followed with 9 different positions of compression. For each of these 9 positions of the phantom, an MR scan was performed using a gradient echo sequence for dynamic acquisitions with 1.2 mm isotropic spatial resolution and 0.515 s temporal resolution (TR/TE 2.4 ms/0.85 ms 20 flip angle). The purpose of using this sequence is to emulate any dynamic acquisition in a real Fig. 5 . Stress as a function of the strain were marked with solid line is the standard process with 12 hours freezing and 8 to 9 hours process (method 1), with doted line is the 3 hours freezing at C with 3 hours thaw (method 2) and with dashed line is a 10 hours freezing at C followed by a 3 hours freezing at C and 3 hours thaw (method 3).
TABLE I YOUNG'S MODULUS IN kPa
time PET-MR motion tracking experiment [21] . Each PET acquisition lasted 3 min. 2D filtered back projection (FBP-2D) for each gate of PET data has been performed using the STIR library [22] . The phantom itself consists of 10% PVA cryogel, combined at the interior volume with 2.25 MBq/ml of F-FDG and 50 l/ml of Gadolinium solution (Gadopentetic acid). The latter was used to enhance MR contrast and create more realistic tissue non-uniformities.
III. RESULTS
A. Preparation of Cryogel Phantom
The purpose of this first step of the study was to determine the optimum percentage of PVA. Three options were evaluated: 5% 10% and 15% by weight PVA. A phantom constructed using the 5% option was not capable of sustaining its shape, therefore it was rejected. Using 10% PVA the phantom sustains its original shape. The 15% PVA cryogel could sustain the original shape of the phantom, but our motor unit did not have the power to overcome its resistance. Therefore, the most appropriate percentage of PVA concentration for our experimental design was determined to be 10% by weight. By applying the new methodology, a phantom was constructed, with well-defined shape and size appropriate for small animal imaging. This phantom has an internal compartment which follows the motion of the external cell and contains the radiotracer that makes it visible to PET as well. The combination of the radiotracer with the gadolinium solution gives complementary information needed for motion correction and a new approach to the design of PET-MR phantoms for simultaneous experiments.
B. Young's Modulus
An example of stress over strain results is presented in Fig. 5 for the phantom made of 10% PVA and the Young's modulus are Table I . The reproducibility of the elasticity results is measured by comparing the phantoms created with the same method. The difference of elasticity between methods 2 and 3 is not as big as the variation when using method 1. The large measurement variation in method 1 can be explained by the increased roughness of the phantom's mounting surface. The fast freezing procedure of water creates lumps on the free surface of the phantom. Thus, the compression mechanism does not force uniformly the surface leading to inaccurate measurements.
C. Diffusion of the Radiotracer
In Fig. 6 an example of the two images is presented from the dynamic scans with a difference of 45 min between each scan start time. It is observed that higher concentration areas loose activity, which is redistributed to low concentration areas (dark areas in the subtraction image). From the line profiles created and by investigating various positions through the phantom, the edge of the distribution advanced approximately 2 mm h . 
D. Relaxation Values for PVA Cryogel
From the images obtained, relaxation times were measured for multiple regions of interest. The overall mean values of relaxation measurements are given in Table II .
E. Motor Unit and Motion Reproducibility
In total, 296 profiles have been generated and the corresponding errors were calculated. Of those, 168 1D profiles were used for the motor unit error and 128 1D profiles for the phantom deformation error
. The values are given in Table III .
F. Compressibility of PVA Cryogel
The compressibility results are shown in Fig. 7 , where the maximum compression of the phantom is about 1 cm. The variation in volume is given in Table IV . It is calculated that the variation of volume between these two states is about 0.2% of the initial volume and there is no significant difference in Hounsfield units (H.U.) and attenuation coefficients at 511 keV between the two states.
G. Acquisition of Simultaneous of PET and MR Data
Data from the simultaneous acquisition are shown in Fig. 8 . The two compartments of the PVA phantom are visible. Except from the discretized compartments, the texture of the external compartment is heterogeneous, which is a realistic feature as it mimics the appearance of real tissue in MR experiments. This effect is a result of the alterations regarding the preparation procedure and the use of molds. There appears to be a decrease of counts at the final compression point even with decay correction. This might indicate the alteration of attenuation characteristics of the phantom during the motion. 
IV. DISCUSSION
The protocol followed was: a rat size, 10% PVA cryogel, introduced with the most common radio-molecule ( F-FDG) and with time of preparation reduced by 14 hours. According to the results, the elastic properties are reproducible following multiple repetitions of each procedure. The modification of the standard production procedure resulted in a reduction of elasticity up to 50%. For this protocol, such a decrease is acceptable.
The repetitiveness of elastic properties was also evaluated. The maximum deviation is observed in method 1 with 17%. Methods 2 and 3 have 15% and 3% deviation respectively. Moreover, the elasticity variation between the new proposed methodologies are not large, indicating a similar behavior of these two compartments during compression.
The examined PVA cryogel has Young's modulus between 8 to 11 kPa. It is found that it has higher elastic modulus than liver, which varies between 0.6 to 1.73 kPa [23] . By comparing with other soft tissues, PVA cryogel has a lower Young's modulus than normal breast tissue which varies from 18 kPa to 35 kPa with mild precompression of the tissue (5%) and prostate which varies between 55 kPa and 65 kPa [24] . Finally, literature indicates the significance of Young's modulus variation between the currently studied PVA cryogel and a healthy vascular adventicia; measured to be about 80 kPa [25] .
PVA cryogel is created with 90% water, a poorly compressible liquid . Consequently, the density changes are most unlikely to happen. The compressibility experimental results confirm this expectation, where the volume of the phantom does not change when a load is applied.
For this protocol, the measured diffusion of F-FDG was 2 mm/hr. The diffusion implies that the phantom can not be used for long experiments involving many hours of acquisition. However, the diffusion is relatively small for PET experiments with an acquisition time up to approximately 30 minutes. Any alteration of the protocol is likely to change the diffusion characteristics of the phantom. Consequently the diffusion rate needs to be measured in phantoms made with a different size, structure, PVA concentration, contrast/labeling agent, or freeze-thaw procedure.
Except the diffusion observed inside the PVA, the evaporation of water is another factor that affects the long-term use of the same PVA cryogel. Because diffusion is accelerated inside water, the PET-MR phantom cannot be stored in liquid medium as is common for MR phantoms. After exposure to room temperature and humidity for three to four hours, the effects of drying are clearly visible on the external surface of the phantom. The external surface dries out. This leads to the conclusion that the phantom has to be used as soon as it has been produced and then safely disposed. In case the procedure requires isotopes with long half-life (i.e., Cu), various techniques have to be applied to conserve humidity such as the refreezing of the phantom after each use. This procedure has been performed with MRI PVA phantoms but the countereffect is the increase of Young's modulus [15] .
The reproducibility of motion is satisfactory. In particular, the deformation error is lower than 1 mm. On the other hand, the motor unit introduces additional errors at the fully uncompressed position. This indicates that the repositioning of the uncompressed phantom is less accurate at the edges. For that reason, it is recommended to keep the phantom with a small compression during scan (e.g., 2 mm).
The alteration of the freeze-thaw process contributed to the creation of a compartmentalized phantom, capable of performing non-rigid motion and visible by PET and MR. Furthermore, because of the variations to the preparation procedures of this phantom, an heterogeneous signal is observed in the MR images. The additional structure provides a more realistic environment to validate the registration algorithms for motion correction. Eventually, the use of a long half-live isotope such as Cu, could avoid the need to alter the standard protocol, with dehydration as a time limiting factor.
The size of PVA cryogel as a PET-MR phantom is an important aspect. The current protocol is oriented towards the use of PVA inside small animal imaging systems. The diameter of the PVA cryogel is comparable with the diameter of a rat. Increase in size requires variations. In order consider constructing a phantom for a human scanner, the stability of the material under it's own weight must be considered. There are several options out of which two appear to be the most favorable: (i) The use of higher PVA concentration, or (ii) the use of rigid supporting materials. Of these, the second is more realistic as it more closely represents the anatomy of a living organism, where the soft tissue is supported by stronger connective tissue and the entire structure is allocated upon a rigid structure.
The use of the PVA cryogel phantom for PET-MR studies is the initial step. The most significant part of this study has been to overcome the limitations of using locally rigid moving phantoms, which was the classical method used in a number of previous studies. The nature of tissue deformation and how this is modeled, e.g., by a process involving a registration algorithm, maybe useful in the development of procedures to correct PET images for the effects of motion using MR-derived motion fields [4] . After applying this deformable motion inside MRI-a hostile environment for motor units-the potential use of it could be expanded in SPECT-MR/CT and Ultrasound/MR for motion studies. The possibility of mixing PET-SPECT-MR-CT contrast agents or even the change of PVA concentration could lead to creation of customizable phantoms with a vast range of structures. An additional advantage of this phantom is the geometrical reproducibility which results from using the same molds. With a reproducible structure, the experimental results will also be more reproducible.
The potential uses of PVA cryogels have grown in a number of imaging modalities and it is also used in MRI for temperature dosimetry [26] and even in radiotherapy for internal dosimetry [27] . The field of radiotherapy moves towards 4D treatment planning with dose painting of the target region [28] . Towards this goal, PVA cryogel could be used for imaging with PET-MR/CT or ultrasound and 4D radiotherapy treatment planning.
V. CONCLUSION
We created a phantom with simple but realistic structure based on PVA cryogel material. This, PET-MR compatible phantom, can be utilized for evaluation of motion correction algorithms. The upgrade of the standard MR phantom to be PET visible led to modifications of the preparation procedure. The effects of the changes have been measured and taken into account for further investigations. This procedure can be applied with various alterations. In this study we created based on PVA cryogel material a phantom with simple but realistic structure. However, diverse structures with numerous shapes and sizes can be created. Furthermore, this phantom has the advantage of being deformable in a reproducible manner, an important aspect for an investigation of motion correction of soft tissue structures. The free customization of the cryogel phantom combined with the low cost of production provides a valuable tool for use in applications of motion correction for a variety of simultaneous and/or sequential multi-modality experiments with PET-MR and beyond (e.g., SPECT, CT and ultrasound).
